Multi-conformation continuum electrostatics (MCCE) was used to analyze various structures of the NS3 RNA helicase from the hepatitis C virus in order to determine the ionization state of amino acid side chains and their pK a s. In MCCE analyses of HCV helicase structures that lacked ligands, several active site residues were identified to have perturbed pK a s in both the nucleic acid binding site and in the distant ATP-binding site, which regulates helicase movement. In all HCV helicase structures, Glu493 was unusually basic and His369 was abnormally acidic. Both these residues are part of the HCV helicase nucleic acid binding site, and their roles were analyzed by examining the pH profiles of site-directed mutants. Data support the accuracy of MCCE predicted pK a values, and reveal that Glu493 is critical for low pH enzyme activation. Several key residues, which were previously shown to be involved in helicase-catalyzed ATP hydrolysis, were also identified to have perturbed pK a s including Lys210 in the Walker-A motif and the DExD/H-box motif residues Asp290 and His293. When DNA was present in the structure, the calculated pK a s shifted for both Lys210 and Asp290, demonstrating how DNA binding might lead to electrostatic changes that stimulate ATP hydrolysis.
INTRODUCTION
Helicases are molecular motors that move along nucleic acid chains to separate complementary strands, eliminate secondary structures, or displace nucleic acid binding proteins. The energy for helicase movement arises from the hydrolysis of ATP to ADP and inorganic phosphate. Helicases are classified into four large superfamilies based on genetic similarities (1) , and many of them function as ring-like oligomers that encircle DNA (2) , whereas others do not form rings. There is controversy over whether the non-ring helicases function as monomers or dimers. Generally, the non-ring helicases are members of genetic superfamilies I (SFI) and II (SFII), whereas the ring helicases are members of superfamilies III (SFIII) and IV (SFIV). Both ring and non-ring helicases share ATP-binding domains that resemble one, first seen in the RecA protein (3) . In ring helicases, such as the T7 gene 4 protein (4-6), each subunit possesses a single RecA-like domain, whereas in nonring helicases, such as Bacillus stearothermophilus PcrA (7) (8) (9) and the helicase encoded by the hepatitis C virus (HCV) (10) (11) (12) (13) , two RecA-like domains are present in each protein monomer.
Most models that explain how the chemical energy of ATP hydrolysis is converted to physical helicase movement involve conformational changes in the RecA-like domains that in turn produce a mechanical force leading to protein translocation (14) . However, in a recent study on the pH dependence of the HCV helicase, Lam et al. (15) noted that the affinity of an enzyme-ATP complex for RNA varied over 100-fold in the physiological pH range, which suggests that electrostatic forces might also play pivotal roles in regulating helicase movement. Lam et al. proposed that the rotation of a negatively charged region towards RNA leads to the enzyme propelling itself along the nucleic acid backbone (15) . Such an electromechanical model for helicase action, which is analogous to one recently proposed to explain the properties of myosin (16) , is presently difficult to test because little is known about the electrostatic properties of helicases or the ionization state of their amino acid side chains.
In this study, we have performed electrostatic potential calculations using four previously published HCV helicase structures. The goal was to identify key amino acids that are critical for helicase-substrate interactions by using the software package Multi-conformation continuum electrostatics (MCCE) (17, 18) , which calculates the ionization states of all protein side chains in all possible conformations at various pH and uses this information to determine a theoretical pK a for each residue. By examining this data we sought to identify residues whose pK a s were shifted relative to those of similar amino acids in solution. Residues with perturbed pK a s frequently participate in enzymatic reactions because their protons are more available for acid-base catalysis or hydrogen bonding at physiological pH. This procedure is similar to the one recently described by Ondrechen et al. (19) called theoretical microscopic titration curves (THEMATICS), which uses a different software to generate titration curves. The MCCE method was chosen because it was found to accurately predict perturbed pK a s that are often underestimated by other computational techniques. For example MCCE predicts a pK a for the active site glutamate in hen-egg-white lysozyme that is closer to the experimentally determined pK a than the pK a s predicted by other programs (18) .
While performing these calculations, we noticed that a large number of amino acid side chains in each structure had notably perturbed pK a s, but only about one third of these perturbations would change the apparent ionization state of a residue in the biologically relevant pH range (pH 6-8). Upon DNA binding, electrostatic changes in perturbed residues were found not only in DNA binding sites but also in allosteric sites, which suggests that the ionization state of the protein side chains could be as important as major conformational changes in facilitating motor action.
To test the accuracy of the MCCE-predicted pK a s, two ionizable amino acids in the RNA binding cleft of HCV helicase were changed by using site-directed mutagenesis, and the pH profiles of the altered proteins were examined. As mentioned above, the binding of RNA to an HCV helicase-ATP complex is highly pH dependent, and as a result HCV helicase rapidly unwinds RNA (or DNA) best at an acidic pH. Thus, an ionizable side chain with a pK a near 7 is probably critical for protein-nucleic acid interaction. Two obvious candidate residues are His369, which is about 3 s from the phosphate backbone of DNA, and Glu493, which is about 6 s from the DNA bases (11) . Given this information alone, one would logically predict that the removal of the positive charge from His369 (with an expected pK a of 6) would lead to weaker binding to the negatively charged nucleic acid backbone. However, MCCE predicts a pK a of 4-4.6 (2.3 with DNA-bound) for His369, which suggests that it is always deprotonated between pH 6 and 8. On the other hand, MCCE predicts that Glu493 has an unusually high pK a at $7. A protonated Glu493 would lead to tighter binding at low pH by masking a negative charge that would repel RNA. Analysis of the mutant HCV helicases is consistent with the MCCE predictions and demonstrates that protonation of Glu493 below pH 7 leads to tighter nucleic acid binding and low-pH activation of HCV helicase.
MATERIALS AND METHODS

Reagents
The RNase-free reagents were purchased from Ambion (Austin, TX), and nucleotides and nucleic acids were treated with the RNAsecure reagent (Ambion). Poly(U) RNA with an average length of 2500 nt was purchased from Sigma (St. Louis, MO). DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), and their concentrations were determined from provided extinction coefficients.
Helicase structure selection, modification, and pK a calculations
There are presently four coordinate files deposited in the Protein Data Bank (PDB) that contain crystal structures of the HCV helicase. They have accession codes 1HEI (10), 1A1V (11), 8OHM (12) and 1CU1 (13) . All these structures lack ligands except 1A1V, which contains a short oligonucleotide bound to the enzyme. Two of these studies, 1HEI and 1A1V, utilized virtually the same protein obtained from HCV genotype 1a. The other two structures utilized genotype 1b proteins. The coordinate files in 1HEI and 1CU1 each contain two molecules in the crystallographic asymmetric unit, whereas 1A1V and 8OHM contain only one each. Calculations were performed on each subunit in isolation because there is as yet no direct evidence that the interfaces seen in the files containing two helicase molecules are biologically relevant.
In cases where PDB files had missing side chain atoms, side chain reconstruction was performed by using Swiss PdbViewer, version 3.7 (20) . Since the 1A1V PDB file contains coordinates for HCV helicase bound to a non-standard nucleotide sequence composed of deoxyuracil, the deoxyuracil was changed to deoxycytosine in order to allow MCCE to recognize the nucleotide sequence. The pK a calculations were then performed using the MCCE method described by Alexov and Gunner (17, 21) . The method involves the initial protonation of the protein structure followed by the generation of a library of protein conformers that contain amino acid residues of differing side chain positions. The program Delphi (22) is then used to calculate the electrostatics of each library conformer by using the Poisson-Boltzmann finite difference (PBFD) method. The PBFD method as implemented in Delphi, calculates the electrostatic potential of arbitrary shaped proteins given the coordinates of the protein's atoms. Pairwise Lennard-Jones interactions are then calculated between all conformers and added to the electrostatic interaction terms, determined in the Delphi runs. Monte Carlo sampling is then used to generate random protein microstates, and the free energy of each microstate was determined. The ionic strength that was used in the calculations was 0.15 M. The resultant free energy information is utilized in the determination of pK a values. MCCE and Delphi were obtained from Dr Barry Honig's laboratory and are available online at http://trantor.-bioc.columbia.edu/. Calculated pK a s were compared with the typical pK a s of Asp = 3.65, Glu = 4.25, His = 6.0, Tyr = 10.06, Lys = 10.52, and Arg = 12.48 [data from The Merck Index, 13th edn (23) ].
Mutagenesis
The quick-change site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to construct the altered helicase enzymes from the plasmid p33Helstop (24) , which contains the helicase region of NS3 isolated from an infectious clone of HCV genotype 1a H77c (25) 0 . The appropriate mutations were confirmed by sequencing the plasmid DNA. Recombinant proteins His-Hel, H396A, H369K, E493K, and E493Q were expressed and purified to apparent homogeneity as described previously (24) .
Unwinding assay
To generate substrates for helicase assays, two synthetic oligonucleotides were annealed by heating them to 95 C and allowing them to cool slowly to room temperature. Before annealing, the shorter strand was [
32 P]-labeled by using polynucleotide kinase. The DNA substrate consisted of a shorter DNA oligonucleotide 5 0 -[ 32 P]-GCC TCG CTG CCG TCG CCA-3 0 annealed to a longer DNA oligonucleotide 5 0 -TGG  CGA CGG CAG CGA GGC TTT TTT TTT TTT TTT TTT  TT-3 0 . The DNA substrate (1 nM) and 100 nM HCV helicase were incubated in reaction buffer (25 mM MOPS, 3 mM MgCl 2 , and 0.1% Tween-20) for 30 min. Reactions were initiated by the addition of 5 mM ATP, terminated with EDTA after 10 min, and analyzed by non-denaturing PAGE as described previously (24, 26, 27) .
ATPase assay
Reactions were performed at 37 C in 25 mM MOPS buffer at various pH, 3 mM MgCl 2 , 0.1% Tween-20, 5 mM ATP, and helicase. To determine the constant K RNA , defined as the concentration of nucleic acids that supports a half maximum rate of catalysis, reactions were performed in the presence of 4 mM ATP with various concentrations of poly(U) RNA (average length 2500 nt). Data were fit into Equation 1,
where v o is the initial rate of ATP hydrolysis, [NA] is the nucleic acid concentration (expressed as total nucleotide concentration), and [E] T is the total molar concentration of enzyme monomers.
RESULTS
This study was initiated to examine the electrostatic properties of HCV helicase in order to examine the ionic interactions between the enzyme, ATP, and its nucleic acid substrates. The goal was to answer three questions. First, can electrostatic analysis identify active site residues in helicase structures that lack any ligands? Second, does nucleic acid binding influence the proton affinity of side chains in the ATP binding site? Third, are absolute values for pK a s calculated in silico accurate? The HCV helicase studied here was selected because numerous coordinate data files for it are available, both in the presence and absence of DNA, and because HCV helicase has been recently shown to unwind duplex nucleic acids in a pH dependent manner (15) . This pH effect allowed us to test the accuracy of the predictions using site-directed mutagenesis.
MCCE structure analysis
Only PDB file 1A1V contains coordinates for HCV helicase that is bound to an oligonucleotide. Five structures of the HCV helicase in the absence of ligands are present in the Protein Data Bank. Two of the structures are found in the coordinate file 1HEI, which contains two crystallographically independent molecules (subunits A and B). 1CU1 also contains two molecules in the unit cell, and the fifth structure is in the file 8OHM. The five structures differ primarily with regard to the rotation of domain 2 of the helicase, which can pivot relative to domains 1 and 3 (10) . The protein can be described to be in an 'open' conformation when the cleft separating domains 1 and 2 is the widest and in a 'closed' conformation when the cleft is narrow ( Figure 1D ). By this definition, subunit A in file 1HEI, subunits A and B in 1CU1, and the protein in 1A1V are in a closed conformation, while subunit B in 1HEI and the protein in 8OHM are both in an open conformation. When the individual coordinate files for HCV helicase were analyzed using MCCE, significantly perturbed pK a s were found for a surprisingly high number of residues. A significantly perturbed pK a is defined here as one that is altered more than 2 pH units from its typical value (28) . About 20% of all ionizable HCV helicase residues had pK a s that were perturbed by over 2 pH units. Furthermore, for $10-20% of the ionizable residues in each coordinate file, MCCE did not report a pK a because all conformations of the residues were either ionized or not ionized at all. Identical pK a s were reported by MCCE when datasets were repeatedly analyzed.
The majority of the perturbed residues were acids that were more acidic or bases that were more basic and would therefore not change the ionization state of the residues at neutral pH. Therefore, we devised a simple procedure to screen out significantly perturbed pK a s that would not influence a residue's net charge under biological conditions. In the screening procedure, Asp and Glu residues whose pK a s increased by 2 pH units, Tyr, Arg or Lys residues whose pK a were 2 pH units lower than expected, and all His residues that had pK a s perturbed by more than 2 pH units (in either direction), were selected. After screening, $10% of the ionizable amino acid side chains in each structure were found to have 'physiologically' perturbed pK a s.
The residues identified in 1HEI (subunit A), 8OHM, and 1A1V are listed in Table 1 , and their locations are noted in Figure 1 . These three structures represent the protein without DNA in a closed conformation (1HEI subunit A), in an open conformation (8OHM), and in a closed conformation with DNA bound (1A1V). Also noted in Table 1 are comments regarding the location of the perturbed residue, whether it is part of a known helicase conserved sequence signature motif (29) , and references to studies verifying its role in helicase action using site-directed mutagenesis.
In all HCV helicase structures that lacked nucleic acid, MCCE analysis identified several amino acid side chains with perturbed pK a s that are near DNA in 1A1V. Notably, in all datasets, residue Glu493 had an unusually high pK a , and residue His369 had an unusually low pK a . As seen in the structure of HCV helicase co-crystallized with ssDNA, His369 is most intimately associated with DNA and lies about 3 s from the nucleic acid backbone (Figure 2A ). Glu493 and Asp496 are part of a helix that links domain 2 with a critical hydrophobic residue (Trp501), which stacks between the nucleic acid bases and is thought to act like a bookend, and prevents the helicase from sliding in the absence of ATP (30) (31) (32) . When the protein assumes a more open conformation, a few more residues are perturbed in the DNA binding cleft ( Figure 1B ). These residues include Lys272, Lys373 and Asp375. Lys373 and Asp375 are near His369 and part of the helicase motif IV. Lys272 is the fourth residue in a conserved TxGx motif whose conserved Thr contacts the DNA backbone (33).
In each dataset, several amino acids in conserved helicase motifs, which cluster around the putative ATP-binding cleft between domains 1 and 2, were also found to have perturbed pK a s (Table 1, Figure 1 ). In the closed conformation that lack ligands (1HEI subunit A), three key residues in the putative ATP binding site were identified by MCCE analysis: Lys210, Asp290, and His293. Although a structure of HCV helicase with an ATP analogue has not yet been reported, alignments with other helicases co-crystallized with nucleotides [such as PcrA (8, 9) ] indicate that these residues interact intimately with ATP. Lys210 is a key residue in the A motif of the classical nucleotide binding site that was first described by John Walker (34) . Asp290 is part of the Walker B motif (34) and is the first residue of the common DExD/H-box sequence (35) . His293 is the last residue in the DExD/H-box.
Although the pK a of His293 was similar in all HCV helicase structures that were analyzed, pK a s for both Lys210 and Asp290 were not. When DNA was bound in structure 1A1V, Lys210 was even more acidic than it was in 1HEI subunit A, and Asp290 was more basic (Table 1) . On the other hand, when the protein assumed an open conformation, both Lys210 and Asp290 had pK a s that were much closer to 'normal'. In the open structures such as that seen in 8OHM, Lys210 was appropriately basic and Asp290 was more acidic than it was in any closed structure ( Table 1) .
The results for subunit B of 1HEI and 1CU1 are not reported here in detail. Both datasets revealed perturbed pK a s similar to those in Table 1 for both His369 and Glu493. Most pK a s that were predicted by MCCE for 1HEI subunit B, which is in the open conformation, resembled those predicted for 8OHM. For example, in MCCE results for subunit B of 1HEI, Lys210 had a pK a of 9.8, and Asp290 had a pK a of 5.0. However, 1HEI lacks amino acids 233-261 in domain 1, and this difference could affect the reliability of the MCCE results. Similarly, the MCCE results for 1CU1 could be skewed by the fact that the protein in 1CU1 Figure 1 . HCV helicase amino acids with perturbed pK a s. The amino acids listed in Table 1 differs significantly from the others. Instead of consisting of only the helicase portion of the NS3, the protein in 1CU1 consists of the entire NS3 protein with its serine protease covalently tethered to part of the NS4A protease cofactor. Since the protease domain affects rates of helicase action and ATP hydrolysis (24) , comparison of the results obtained from 1CU1 with the others in Table 1 might not be reasonable. It should be noted, however, that some additional perturbed amino acids were found in the protease domain (in 1CU1) including His57 (pK a = 1.3), which is part of the catalytic triad of the NS3 serine protease active site.
Site-directed mutagenesis to test pK a prediction accuracy
We attempted to test the accuracy of some of the pK a s predicted by MCCE by examining the pH dependence of helicase activity. Previously, we showed that when pH is lowered from 7.5, the amount of DNA (or RNA) that is needed to stimulate the ATPase activity of HCV helicase to its maximum decreased by over 200-fold (15) . This effect correlates with a similar decrease in the enzyme's affinity for ssDNA in the presence of the non-hydrolysable ATP analog ADP(BeF 3 ), which suggests that the residues involved in low-pH activation probably interact with ssDNA. The diagram in Figure 2 shows two ionizable residues in the ssDNA-binding cleft that could be involved in activation. One is in domain 2, His369, and the other is in domain 3, Glu493. Whereas His369 is positioned so that it can form a hydrogen bond with the phosphate backbone, Glu493 is more distant, but could directly interact more with DNA if the protein changes conformation upon ATP binding (Figure 2 ). Of the two residues, His369 seems more likely to be critical for activation because His369 is closer to DNA than Glu493 and because histidines are normally less acidic than glutamates. However, MCCE predicts pK a s of 4 (1HEIsubA) and 2.3 (1A1V) for His369 and pK a s of 6.8 (1HEIsubA) and 7.6 (1A1V) for Glu493, which suggests that Glu493 would be the activating residue.
If His369 is the activating residue, then its protonation would permit tighter DNA binding at a low pH. Tighter binding would result from either formation of additional hydrogen bonds or ionic attraction of the positively charged histidine to the negatively charged DNA backbone. To test this hypothesis, His369 was changed to either an uncharged alanine (H369A) or a lysine (H369K), which should retain a positive charge at all pHs below 10. If His369 were critical for low-pH activation, then H369A should be inactive from pH 6.5 to 7.5, while H369K should be active throughout the entire pH range.
Alternatively, if Glu493 is responsible for the low-pH activation of HCV helicase, then its protonation would help attract DNA. In other words, a negatively charged form would repel DNA whereas its neutral form would allow for the tighter binding that is necessary for processive DNA unwinding. To test this idea, Glu493 was changed to either a glutamine, E493Q, or a lysine, E493K. If titration of 493 is the cause of activation, then E493Q and E493K should retain activity at an elevated pH.
The above mutations were made in a recombinant HCV helicase that was isolated from the HCV genotype 1a infectious clone H77C (25) . In this helicase construct, the protease domain is replaced with an N-terminal poly-histidine tag (24) . After the four mutant proteins were purified, their ability to unwind DNA was compared with that of the parent protein, designated here as His-Hel. In general, mutation of Glu493 led to a helicase that unwound duplex nucleic acids faster than the wild type even at a high pH, where the wild type was not active. Conversely, His369 mutants were pH sensitive like the wild type.
In the typical unwinding experiment shown in Figure 3 , changing His369 to alanine (H369A) seemed to have no apparent effect at any pH. However, changing His369 to a positively charged lysine caused the enzyme to unwind more slowly at a low pH. At higher pH, like the wild type and H369A, H369K lost most of its ability to unwind DNA. In contrast, when a possible negative charge is eliminated from position 493, the DNA unwinding activity is clearly less pH-dependent than the wild type. Unlike the wild-type protein (His-Hel), both E493Q and E493K retain most of their ability to unwind DNA above pH 7. Similar results were obtained when these experiments were repeated, either with different length duplex substrates or in the presence of an enzyme trap (i.e. single turnover conditions). It is difficult to pinpoint exactly which step is pH dependent because the unwinding reaction is very complex. Nevertheless, based on previous work (15), we suspect that at a low pH, the helicase-ATP complex binds nucleic acids more tightly than it does at a high pH. To determine the pH dependence of the affinity of a helicase-ATP complex for RNA, the initial rates of ATP hydrolysis were measured at different concentrations of RNA and at different pH (Figure 4) . The concentration of RNA leading to 50% ATPase stimulation, defined as K RNA , was then determined from each titration and plotted versus pH for His-Hel and the four mutants ( Figure 4E ). Previously, we have shown that K RNA determined in this manner, correlates with an equilibrium binding constant of a helicase-ATP complex for RNA, as determined in direct binding experiments with a non-hydrolyzable ATP analog (15) .
The results show that changing His369 to Ala has the least effect on the pH dependence of K RNA . H369K has a lower K RNA than H369A, as would be expected from charge attraction to RNA, but the K RNA for H369K is still highly pH dependent, albeit 12-fold less dependent than wild type. Interestingly, at a low pH, H369K binds RNA 3-fold less tightly than wild type. Thus, it is unlikely that a positive charge at NS3 position 369 is needed to tightly tether the protein to nucleic acid or that His369 adopts a proton in this pH range. A pK a of 4 or below for His369, as was determined by MCCE, therefore seems quite reasonable. In stark contrast, when a potential negative charge is removed from NS3 position 493 (E493Q) the K RNA is 25-fold less dependent on pH. At a low pH, His-Hel and E493Q bind RNA with similar affinities, which suggests that at pH 6.5, Glu493 is normally protonated and thus similar to a Gln. The remaining pH dependence of E493Q's K RNA can be explained by the fact that there are other acidic residues with unusually high pK a s, in the vicinity, such as Asp496 (Table 1, Figure 1 ). When Glu493 is changed to a positively charged residue (E493K), K RNA is lower than that seen for the wild type (even at a low pH), and almost all pH dependence is eliminated. In this case, the positive charge at position 493 could help neutralize other negatively charged residues in the region. The data support an elevated pK a for Glu493 as was calculated by MCCE and identify Glu493 as a residue critical for the low-pH activation of the HCV helicase.
DISCUSSION
When the perturbed residues are mapped on the various helicase structures (Figure 1) , two key points are immediately apparent. First, the MCCE program successfully predicted the DNA binding sites from protein structures that lacked DNA. We tested whether two of these perturbed amino acids were involved in nucleic acid binding by using sitedirected mutagenesis. Our results confirmed the importance of His369 and Glu493 and support the accuracy of the MCCE predicted pK a s. Second, electrostatic changes occur at distant sites upon ligand binding. For example, the pK a s of residues in the ATP binding site change upon DNA binding. These allosteric effects might explain some aspects of the helicase mechanism, such as the stimulation of ATP hydrolysis when ssDNA binds the enzyme.
The identification of the importance of Glu493 for regulating low pH activation explains why this residue is conserved in all HCV genotypes that are sequenced to date [see figure 1 in ref. (27) ]. Only one isolate has been reported to lack Glu at NS3 position 493. Interestingly, that isolate (Genbank accession no. AF207759), which contains an Asp at position 493, was obtained from a patient with remarkably less chronic liver damage than typical HCV patients. Although the data presented here supports the elevated pK a predicted by MCCE, it should be noted that the experiments were performed at an ionic strength considerably lower than that used in the calculations. This was necessary because the NS3 fragment that was utilized here lacks the protease domain and unwinds DNA poorly under normal saline conditions. Although His369 was shown here not to be responsible for the low pH activation of HCV helicase, the data here confirm its intimate association with DNA. The data in Figure 4 show that in the presence of ATP, H369A binds RNA about four times weaker than the wild-type protein at optimal pH. H369K binds RNA 3-fold weaker at low pH, but $5-fold tighter than wild type at high pH. A similarly increased affinity of H369K for DNA was also noted in electrophoretic mobility shift assays (gel-shifts) that were conducted in the absence of ATP (A. Lam, unpublished results). We speculated whether the increased affinity of H369K for DNA under certain conditions could impede its translocation along nucleic acids. Alternatively, a Lys at position 369 could interact with a nearby charged residue (such as Lys371 or Lys372) that might be critical for helicase action, thereby causing H369K to unwind DNA more slowly than the wild type under optimal conditions. In addition to identifying the nucleic acid binding site, MCCE analysis also successfully identified three residues that are known to play a key role in ATP binding and hydrolysis: Lys210, Asp290, and His293. The importance of all three has been extensively confirmed by using site-directed mutagenesis. In 1HEI subunit A, both Lys210 and His293 are abnormally acidic, and Asp290 is very basic, which suggests that they all are uncharged at neutral pH. However, there is considerable experimental evidence that ionizable residues are needed in these positions. Substitution of Lys210 with a non-ionizable residue results in a helicase that is unable to unwind DNA or hydrolyze ATP (36) (37) (38) (39) . On the other hand, substitution of Lys210 with an acidic side chain (K210E) yields a protein that, although lacks helicase activity, retains RNA-stimulated ATPase activity (40, 41) . Similarly, substitution of Asp290 with a non-ionizable residue results in an inactive helicase with no ability to hydrolyze ATP (36, 38, 39) , and a virus with this substitution is no longer viable (42) . Non-ionizable amino acids are better tolerated at position 293. H293A and H293Q mutants retain some ability to hydrolyze ATP (36, 40) , although with a Lys in this position (H293K) the enzyme hydrolyzes ATP almost half as well as the wild type.
Interestingly, DNA binding brings about changes in the ATP binding cleft. These allosteric effects can be seen by comparing the MCCE result subunit A of 1HEI with those obtained by using 1A1V (Table 1) . Notably, these perturbations occurred in the Walker A motif residue Lys210, and the Walker-B motif (and DExD/H box) residue Asp290. The significance of this lies in the fact that DNA binding has been demonstrated to stimulate the ATPase activity of the helicase (43). It is not unprecedented that ligand binding leads to electrostatic changes at distant sites. For example, recent studies with aspartic proteases have revealed that proton uptake and release occurs at various distant sites upon inhibitor binding (44, 45) .
One simple explanation for the allosteric effect seen at the helicase ATP binding site is that DNA binding to the protein leads to a subtle rotation of domain 2 of the enzyme such that the electrostatic environment around the ATP binding cleft is altered. In support of this idea is the fact that when domain 2 rotates toward domain 1 (the closed conformation), the pK a of both Lys210 and Asp290 becomes perturbed (compare 1HEI subunit A and 8OHM, Table 1 ). Lys210 is significantly more acidic than normal both in the closed structure and when DNA is bound. Asp290 is more basic in the closed structure and when DNA is bound. The possibility that pK a differences between 1HEI subunit A and 8OHM could be due to the fact that the two proteins (Hel-1a and Hel-1b) were derived from different viral genotypes is unlikely, because pK a s similar to those obtained with 8OHM were seen in subunit B of 1HEI, which represents Hel-1a in the open conformation (data not shown). We speculate that DNA stabilizes the closure of the cleft between domains 1 and 2, forcing Lys210 to become more acidic and Asp290 to become more basic. Thus, upon DNA binding (or cleft closure) Lys210 could lose a proton whereas Asp290 could gain a proton. Since Asp290 and Lys290 are only about 3-4 s apart, proton transfer could occur even between the residues. The change in the ionization state of these two side chains could then accelerate the rate of ATP hydrolysis. For example, charge removal could reposition the catalytically essential Mg 2+ that is needed to catalyze ATP hydrolysis. Alternatively, Asp290 could act as a catalytic base to extract a proton from the water molecule that subsequently engages in a nucleophilic attack of ATP.
We have tried to test this hypothesis by measuring the rates of HCV helicase-catalyzed ATP hydrolysis both in the presence and absence of DNA and RNA at various pH [see figure 4 in ref. (15) ], but since rates are basically constant from pH 6 to 10, it is difficult to determine whether differences outside this range are due to ionization or protein stability. To examine this in more detail we planned to use site-directed mutagenesis to alter the electrostatic environment around Lys210 (and/or Asp290) so that its theoretical pK a (as determined by MCCE) is between pH 6 and 8. If such a protein then displays pH dependent ATP-hydrolysis, it could be very valuable for elucidating the precise mechanism of ATP hydrolysis.
To see if the MCCE method could also identify active site residues on other helicases, we have also analyzed structures of both the PcrA helicase and the T7 helicase. Although these results will be difficult to verify because there is as yet no pH dependent effects reported for the PcrA and T7 helicases, the results support the general conclusions made by using the HCV structures. MCCE successfully identified several key DNA binding residues in the ligand-free PcrA structure (PDB file 1PJR). These include His565 and His587, both of which lie within 5 s of DNA in PcrA structures that contain bound DNA (9) . To examine a ring helicase, T7 gene 4 helicase structures were analyzed with MCCE. As with the HCV helicase, MCCE, located residues in both the ATP and DNA binding sites in a structure of T7 that lacked ligands [PDB file 1E0K (5)]. The most critical residue identified was the Walker A motif residue Lys318, which is analogous to Lys210 in HCV helicase. Again this residue was highly acidic and its importance has been extensively confirmed by using site-directed mutagenesis (46, 47) . Most of the other perturbations that were noted in the T7 structure were located either in regions that are thought to interact with DNA [such as His475 (48) ] or regions that link the subunits of the ring together.
The advent of structural genomics has brought about a need for the development of techniques that are able to determine functional characteristics of proteins from structural information alone. As has been pointed out by others, one way to locate enzyme active sites is to search protein structures for residues that have an unusual ionization state under physiological conditions (49) . This study has illustrated that the MCCE method (17, 18) identifies critical residues in helicases and accurately predicts pK a s. Even though many of the residues identified were shown in this and other studies, to be required for proper helicase function, the precise roles of these residues in helicase action and their electrostatic interrelationships observed here warrant further investigation.
